Acoustic telemetry is an important tool for studying the behavior of aquatic animals and assessing the environmental impact of structures such as hydropower facilities. However, the physical size, signal intensity, and service life of off-the-shelf transmitters are presently insufficient for monitoring certain species. In this study, we developed a small, long-life acoustic transmitter with an approximate length of 24.2 mm, diameter of 5.0 mm, and dry weight of 0.72 g. The transmitter generates a coded acoustic signal at 416.7 kHz with a selectable source level between 159 and 163 dB relative to 1 µPa at 1 m, allowing a theoretical detection range of up to 500 m. The expected operational lifetime is 1 yr at a pulse rate interval of 15 s. The new technology makes long-term acoustic telemetry studies of small fish possible, and is being deployed for a long-term tracking of juvenile sturgeon. C 2016 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
I. INTRODUCTION

Acoustic telemetry
1,2 uses small transmitters (or tags) to monitor the behavior of fish. 3, 4 The tags transmit a unique acoustic signal to a network of receivers (hydrophones) at a selected pulse rate interval (PRI). The receivers detect these signals and extract the arrival time and identification code from the acoustic waveform. 5 After post-processing the data and applying time-difference-of-arrival techniques, individual hosts are localized in three dimensions and tracked through the coverage area. 6 The resulting tracks are then used to estimate the survival rates and behavior of fish passing through hydropower facilities.
There are three key parameters that determine the usability of an acoustic tag for a certain application:
(1) Tag size and weight. To reduce the tag burden (ratio of transmitter weight to fish weight) on tagged fish, acoustic fish tags are always preferred to be as light and small as possible. (2) Acoustic signal strength. High signal strength is always desirable for greater detection range. (3) Service life. A long service life is often desired for a long-term monitoring of certain species.
A wide range of acoustic tags are available for different host species and measurement objectives. For instance, the Juvenile Salmon Acoustic Telemetry System (JSATS), [7] [8] [9] developed by the U.S. Army Corps of Engineers Portland District, employs acoustic transmitters and receiving systems to observe and assess the survival rates for juvenile Chinook salmon passing through the Federal Columbia River Power System. Various manufacturers offer JSATS-compatible tags with service lives of about 20 days at 3-s PRI, permitting the fish to be evaluated at multiple sites during migration.
In a previous work, we developed a smaller tag that can be injected into the host rather than surgically implanted. 10 This design reduces both the tag burden and deployment costs. The transmitter has a diameter of 3.38 mm, length of 15.00 mm, dry weight of 217 mg, and an average source level in the front 180
• of about 155 dB (all values are relative to 1 µPa at 1 m). The operating lifetime is about 100 days at 3-s PRI.
To our knowledge, no solution presently exists for longterm monitoring of species such as juvenile (less than 1 yr old) sturgeon. This application requires a detection range of 500 m, combined with extended service life of up to 1 yr. The PT-1 acoustic transmitter from Sonotronics 11 has a diameter of 7.1 mm, length of 16.0 mm, dry weight of 1.25 g, and detection range of 300 m. However, the service life is only 7 days at 1-s PRI, which is not suitable for long-term monitoring. The 795LG acoustic transmitter from HTI 12 has an approximate lifetime of 220 days at 3-s PRI, or 400 days at 10-s PRI. The tag is 11 mm in diameter and 25 mm long. However, it is relatively heavy at 4.6 g and has a signal strength of just 152 dB. The Vemco V7 transmitter 13 has a mass of 1.4 g in air, a diameter of 7 mm, a length of 18 mm, and a tag life of 220 days at 136 dB but with a transmission rate of every 90-s PRI. The injectable tag developed in the previous work has a significantly higher source level, enabling a detection range of up to 250 m in quiet environments. However, the detection range and service life are still insufficient. Therefore, new tag designs are needed to enhance the power source voltage, service life, and transmission range, and to reduce adverse effects and costs associated with thus broadening the range of potential environmental monitoring applications including, investigating behavior and habitat of juvenile sturgeon and other small species.
In this article, we report our effort to develop a new acoustic transmitter to address these needs. This design has a mass of less than 1 g and a service life of at least 1 yr at a PRI sufficient for tracking sturgeon. It also has a potential detection range of up to 500 m in quiet reservoir-type locations. 
II. DESIGN
The newly developed acoustic transmitter includes three main components: (1) a piezoelectric transducer that transmits a coded acoustic signal, (2) an electronic circuit board that controls the operation of the transmitter, and (3) a custom lithium carbon fluoride battery which powers the components of the acoustic transmitter.
A. Piezoelectric transducer
The piezoelectric transducer is a Type VI lead zirconate titanate (PZT) ceramic tube. The dimensions of the PZT were chosen to achieve mechanical resonance at or near 416.7 kHz, which is the modulation frequency used in JSATS. The tube has an outer diameter of 2.54 mm, an inner diameter of 1.80 mm, and a length of 2.65 mm. An electrode is present on the inner and outer wall surfaces. Because the circuit board situated behind the PZT tube ( Figure 1 ) blocks the sound waves emitted from the back of the tube, the acoustic signals propagating in this direction are considered largely "wasted" as they will have a much lower probability of being detected. 10 To use the input electrical energy more efficiently, the center of the inner circle of the tube is purposely offset from that of the outer circle along the tube's radial direction by 0.15 mm, so that the tube has a gradually changing wall thickness. The thicker portion of the tube faces the circuit board and the thinner portion of the tube is oriented towards the front of the transmitter. As a voltage is applied to the tube, the thinner portion of the tube experiences a higher electric field, so a higher fraction of the output acoustic energy is emitted from the front of the transmitter. 
B. Battery
The previous injectable tag uses a custom Li-CFx microbattery to provide high energy density in a suitable form factor. 14 The new transmitter uses the same internal design with larger dimensions to increase the total capacity. The battery has a cylindrical aluminum case that is 4.7 mm wide and 14.8 mm long. The nominal capacity of the battery is 56 mAh with output voltage between 3.0 V and 1.8 V. For comparison, the previous battery was 3.3 mm wide and 6.0 mm long with a nominal capacity of 7 mAh. Figure 2 illustrates the overall electronics design of the new transmitter. A small 8-bit microcontroller PIC16LF1823 15 generates the coded waveforms to drive the PZT transducer. The waveforms employ phase-shift keying (PSK) to transmit a unique 31-bit tag code, which includes a 7-bit header, a 16-bit identification number, and an 8-bit cyclic redundancy check (CRC). 8 A 10 MHz ceramic resonator provides a stable clock source for the microcontroller during transmission so that the modulation frequency achieves the target frequency of 416.7 kHz within 0.5% accuracy.
C. Hardware
To meet the requirement of 500-m potential detection range, a much higher source level than that of the previous injectable tag is required. Therefore, a dual boost converter circuit was designed to transform the battery voltage into higher driving voltages for the PZT transducer. Normally a boost converter consists of a capacitor, an inductor, a Schottky diode, and a transistor switch. The dual boost converter used in the new transmitter ( Figure 3 ) combines two circuits with a shared inductor (L1) to minimize component area and generate two output voltages. One output voltage is higher than the battery voltage (e.g., about +7.0 V), whereas the other output voltage is lower than the battery voltage (e.g., about −3.0 V). This configuration allows a higher peak-to-peak voltage from the tag circuit to be delivered across the transducer. For example, when the two voltage potentials delivered by the dual boost converter are +7.0 and −3.0 V, the effective voltage delivered from the tag circuit to the PZT is about 20.0 V peak-to-peak.
Before transmitting a tag code, the microcontroller activates each portion of the boost converter circuit for a predetermined length of time (on the order of 50 ms) to generate the 
D. Firmware
The microcontroller firmware was developed in assembly language due to the number of time-critical operations required. The main module contains default configuration and executes instructions after the microcontroller reset, whereas the other modules define the various operations with the necessary routines. Upon reset, the microcontroller configures initial values of all the pins, and then goes into sleep mode to minimize current consumption. Applying a light source to an infrared sensor causes the microcontroller to wake up and prepare to receive additional data. A coded optical signal is then applied to the infrared sensor to specify configuration parameters such as the transmitted code and PRI. A special data transmission protocol ensures that the microcontroller is configured properly, as the infrared link provides no direct feedback. Upon success, the microcontroller may immediately start transmission or wait for a predetermined length of time first.
The new acoustic transmitter can automatically adjust the charging durations for the dual boost converter as the battery discharges such that the acoustic source level remains roughly constant over the majority of the operational lifetime. To this end, the configuration parameters include a table of charge durations for various battery voltages. A first set of values specify the charging durations for the lowest voltage range. A second set of values specify slightly shorter durations for the second lowest voltage range, and so forth. Higher values result in a higher source level but also increase energy consumption, allowing users to program the desired source level.
III. EVALUATION
The developed long-life acoustic transmitter weighs approximately 720 mg in air. It possesses a primarily cylindrical body with a maximum diameter of 5.0 mm and a length of 24.2 mm (Figure 1) . The front half of the tag is slimmed down in a relatively flat profile in order to reduce weight. Table I 16 includes hydrophone sensitivity measurements and power level measurements of sound sources for frequencies from 50 kHz to 500 kHz for both military equipment and commercial components.
A. Source level
Source level and beam pattern measurements were performed in a special water tank lined with 26-mm thick anechoic materials 17 (Aptflex F48, Precision Acoustics, Ltd., Dorchester, Dorset, UK), which provides excellent ultrasound reflection reduction in the sub-MHz frequency range, thus minimizing the impact of echoes and noises inside the tank during the source level measurement. The receiving hydrophone (Model SC-001, Sonic Concepts, Bothell, WA, USA) had a sensitivity of −180.0 dB (re: 1 V/µPa) at the modulation frequency of 416.7 kHz. 18 The hydrophone was connected through a four-channel JSATS signal conditioner with gain set at 10.6 dB and a data acquisition card (Model PCI-6111, National Instruments Corporation, Austin, TX, USA) to a computer for data processing. Prior to the measurements, the hydrophone was calibrated following IEC 60565:2006 standard (underwater acoustics-hydrophones-calibration in the frequency range 0.01 Hz-1 MHz) Section 9 19 with an omnidirectional broadband projector hydrophone 20 (Model TC-4034, Reson A/S, Slangerup, Denmark) that was pre-calibrated by National Physical Laboratory (Middlesex, United Kingdom) with the uncertainty of 0.3 dB in sensitivity. For the calibration of the hydrophone, a 200-µs long pulse is generated by the pre-calibrated projector. Because the source level is known for the sound created by the projector, the sensitivity of the hydrophone can be obtained from the measured voltage of the data acquisition system and the known source level of the projected sound. The transmitter was mounted on a motion control unit located 1 m away from the receiving hydrophone in the tank. Because of the high operating frequency of the new transmitter at 416.7 kHz, the wavelength of the acoustic wave becomes 3.6 mm in water with the sound speed of 1500 m/s. This eliminates the near-field effect in the measurement of the source level, and allows for measuring the source level at 1 m directly. The motion control unit was rotated through 360
• in 10
• increments, moving the transmitter in pitch orientation with respect to the stationary hydrophone, while the hydrophone measured the source level continuously. A top view of the PZT transducer is shown in Figure 4 of the beam pattern, 0
• is the transmitter orientation where the PZT was closest to the hydrophone. The representative source level is defined as the average of all source level measurements between 270
• and 90
• (the top half of the beam pattern). 17 In this case, the average source level was 163.0 dB (Figure 4) . In Figure 4 , one can see that the source level was reduced by nearly 15 dB towards the back of the transmitter (at 180
• ) compared to that at the front of the transmitter (at 0
• ), due to the blocking of the tag body. With such a large reduction of source level, in a noisy water environment (e.g., near a dam), the energy emitted towards the rear of the transmitter would be more likely wasted. Therefore, the offset of the PZT would help to increase the detection probability in those conditions by reducing the amount of energy wasted. While in a relatively quiet water environment, a transmitter that uses a regular PZT tube (i.e., an "omnidirectional" transmitter) could potentially have better detection range towards the rear than one that uses an offset PZT tube.
By changing the charging duration parameters, the transmitter can be configured to transmit signals at a selectable source level between 159 and 163 dB. 
B. Tag life
Aside from the battery capacity, in general, the transmitter lifetimes may be determined by (1) the PRI for transmission of the acoustic signal, (2) the source level of the acoustic signal, or (3) both the PRI and the source level of the acoustic signal.
Within the selectable range of acoustic source level between 159.0 and 163.0 dB, the new acoustic transmitter lifetime may be estimated from the empirical equation derived from our previous measured results of an injectable acoustic transmitter and the energy loss caused by the added booster converter,
Here T is the lifetime in days, V batt is the battery voltage in volts, C batt is the battery capacity in mAh, SL is the source level in unit of dB (re: 1 µPa at 1 m), I s is the constant static current that flows through the transmitter circuit in µA, and t 0 is the PRI in seconds. This equation was obtained by assuming that three factors contribute to the energy drain from the battery: (1) the transmission of the acoustic signal, (2) the energy loss of the boost converter, and (3) the standby current constantly consumed by the microcontroller. The injectable transmitter 10 used a same resonance circuit but it did not contain a boost converter. That injectable transmitter takes about 35 µJ of energy (per transmission) to produce a source level of 155 dB. Therefore, the energy consumption of the transmitter presented in this paper can be derived by scaling the required energy based on the source level range of 159-163 dB and adding the measured loss (130 µJ per transmission) of the boost converter. The number 24 is used to convert the tag life from hours to days. Table II lists the experimental and projected tag lifetimes for acoustic tags at selected values for the PRI and source levels. For a given source level, the lifetime may be altered by varying the PRI. For example, at the source level of 163 dB at 1 m, the lifetime at 5-s PRI is approximately 98 days, whereas the lifetime at 15-s PRI is approximately 285 days. Alternatively, various values for the source level may be selected given a desired PRI to meet application requirements. For example, for the source level set to 161 dB, the projected tag lifetime is 13 days at a PRI of 0.5 s, 127 days at 5 s, and 365 days at 15 s.
The actual service life of the new transmitters is consistent with the projected value in Table II obtained using the empirical Equation (1) described above. 
C. Detection range
The new transmitter has the capability of selecting a desired detection range by setting the appropriate source level. An empirical equation, derived from actual signal-to-noise ratio (SNR) data collected at various distances using a JSATS tag, may be used to estimate the source level needed for a 500-m detection range. The equation is based on assumptions of isovelocity water and the direct path propagation of acoustic signal. It is expressed in terms of the transmission loss that accounts for both the geometric spreading and the absorption of acoustic signal in water. Based on all of these and the passive sonar equation, the transmission loss can be related to the source level. According to the passive sonar equation, 21, 22 the transmission loss can be expressed as
where TL is the transmission loss in dB, A is a coefficient ranging between 10 and 20 dependent upon the shape of the geometrical spreading (cylindrical or spherical) of the domain in which the acoustic wave propagates, 23 R is the detection range in meters, α is the temperature dependent absorption coefficient in freshwater in dB/m, SL is the source level in dB, SNR thd is the threshold SNR for the detection in dB, and NL is the background noise level in dB referenced to 1 µPa, respectively. From the equation, one can see that the detection range of an underwater acoustic transmitter is heavily dependent upon its actual environment.
To evaluate the real-world performance of this transmitter, in early 2015, a prototype sample of the transmitter was tested for SNR as a function of distance in Snake River, Clarkston, WA. The sample transmitter had a source level of 159 dB re 1 µPa, due to the availability of the transmitter at the time. The water temperature was 3
• C and the depth of water was approximately 10 m. The background noise level was tested to be 93 dB re 1 µPa. The results are shown in Figure 5 . In this experiment, the detection range was found to be approximately 225 m. This result indicated a spreading coefficient A of value 17.4, suggesting a more spherical spreading of the signal. As the spreading coefficient A depends on the domain in which the acoustic wave propagates, another previous experiment conducted at Little Goose Dam, WA suggested an empirical spreading coefficient A of value 14.5. Therefore, assuming that the background noise level at a quiet environment (e.g., the forebay of a dam), the SNR threshold for the detection, the water temperature, and spreading coefficient in Equation (2) are 96 dB, 24 6 dB, 20
• C, and 14.5, respectively, the projected detection ranges at the two exemplary source level settings of 163 and 161 dB for three different spreading scenarios are listed in Table III , where one can see that a source level of 161-163 dB is sufficient to theoretically achieve a 500-m detection range. It is worth noting that due to the inevitable blocking of the transmitter body, such a detection range is only achievable in about 2/3 of the 360
• angular range as indicated in Figure 4 .
IV. CONCLUSION
A small and lightweight acoustic transmitter was developed to fill the void in long-term tracking of underwater hosts such as juvenile sturgeon. The tag offers a stronger acoustic signal and longer service life than existing alternatives. The source level and PRI may be configured for various monitoring purposes and applications. The design uses a center-offset PZT ceramic tube as the acoustic transducer and a 56-mAh tubular Li-CFx battery as the power source. A dual boost converter circuit generates the supply voltages necessary for long-range transmission. The design is 5 mm in diameter and 24.2 mm in length. It has a dry weight of approximately 720 mg, a programmable source level between 159 and 163 dB, a tag life of at least 1 yr at 15 s ping rate, and a potential detection range of approximately 500 m in quiet reservoir type locations. This is, to our knowledge, the first acoustic tag that can provide such a long detection range and service life with an in-air weight under 1 g and shorter than 25 mm.
